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Conjugative transfer of the Amycolatopsis methanolica integrative plasmid pMEA300 
results in the typical actinomycete plasmid pock formation phenotype (growth inhibition 
zones surrounding plasmid recipient cells). Evidence is presented that the pMEA300 
orf192 and stf genes have crucial regulatory roles. Deletion of orf192 yielded pMEA300 
derivatives displaying super pock formation and decreased ability to replicate 
autonomously. Furthermore, the presence of a genomic copy of orf192 blocked the ability 
of A. methanolica to act as a pMEA300 recipient strain. This plasmid immunity phenotype 
was shown to function at the level of plasmid replication. The data show that Orf192 
exerts its effect via the pMEA300 Stf function, by negatively controlling stf gene expression 
and/or by inhibiting Stf protein activity. Biochemical characterisation of Orf192 revealed 
that this Nudix hydrolase protein hydrolyses ADP-ribose. We postulate that ADP-ribose 
stimulates the Stf function. Nudix hydrolases occur widespread in nature, but only a few 
of those proteins have been studied in detail. The results of our studies demonstrate that 
some Nudix hydrolases are involved in controlling specific cellular protein functions.  
The results obtained are important for our understanding of the regulation of integrative 
actinomycete plasmids, and for development of improved plasmid vectors, needed for 
construction of better performing antibiotic-producing industrial actinomycete strains.  

 

Introduction 
Actinomycetes are Gram-positive, mycelium-forming soil bacteria. They differ from other 
bacterial groups by the high CG-content of their DNA, and by their complex life cycle. 
Especially representatives of the genera Streptomyces, Saccharopolyspora and Amycolatopsis 
are abundant producers of antibiotics and other secondary metabolites (Lazzarini et al., 2000). 
Genetic studies have provided evidence that self-transmissible plasmids are widespread in these 
organisms. Such plasmids may be present as linear or as covalently closed circular (ccc) DNA 
molecules. Some of the latter are capable of site-specific integration into the genome (Brown et 
al., 1988;Madon et al., 1987;Cohen et al., 1985;Raynal et al., 2002). Only a single phenotype 
appears to be associated with conjugative transfer of these plasmids: the (temporary) 
development of inhibition zones (also referred to as pock formation) when plasmid-carrying 
donor cells grow in a confluent lawn of plasmid-lacking potential recipient cells (Bibb et al., 
1977). In contrast, plasmids from other (non-actinomycete) bacteria encode a much larger 
variety of functions. Such plasmids frequently carry genes conferring antibiotic resistance, or 
enzymes for catabolic pathways (Jacoby and Shapiro, 1977). Aims of our studies are to gain 
fundamental insights in the physiological functions of these actinomycete plasmids and to 
develop suitable plasmid vectors for construction of better performing industrial actinomycete 
strains. 

The actinomycete Amycolatopsis methanolica harbours a 13.3 kb plasmid, pMEA300 
(Fig. 1) (Vrijbloed et al., 1995a). Previously, it has been sequenced completely, revealing a total 
of at least 17 ORFs (Vrijbloed et al., 1995c). Only int and xis (integration and excision), korA 
(member of the GntR family of transcriptional repressor proteins) and orf192 (member of the 
Nudix hydrolase family) display clear similarity with proteins that have been functionally 
characterized from other sources (see below). Characterisation of deletion derivatives 
subsequently has confirmed that int and xis are required for site-specific integration/excision of 
pMEA300, involving plasmid (attP) and chromosomal sequences (attB) (Vrijbloed et al., 1994). 
This approach also has resulted in identification of the tra genes as essential for conjugative 
transfer (Vrijbloed et al., 1995b), and the rep gene and orfA sequences as essential for 
autonomous replication (Chapter 6). The physiological function of pMEA300 in A. methanolica 
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has remained unknown. Only the pock formation phenotype has been reported for pMEA300 
(Vrijbloed et al., 1995b). There are no noticeable phenotypical differences between A. 
methanolica wild type and strain WV1, lacking all pMEA300 sequences (Vrijbloed et al., 
1995b). In wild type A. methanolica, one copy of pMEA300 remains integrated in the 
chromosomal attB site (contained within an isoleucine-tRNA gene) under all growth conditions 
tested. Several growth media, especially with autoclaved sucrose, yielded cells with a strongly 
enhanced copy number of autonomously replicating pMEA300 DNA (Vrijbloed, 1996). 
Environmental signals thus stimulate pMEA300 excision and autonomous replication, 
conceivably also stimulating conjugational spread of pMEA300 in the population of A. 
methanolica cells. 

 
 

 
 
Figure 1. Plasmid pMEA300 of A. methanolica  

 
 
Limited knowledge is available about the regulation of pMEA300-encoded functions. 

Evidence is accumulating that a total of four regulatory proteins are involved, encoded by the 
pMEA300 orfA, korA, stf and orf192 genes (Fig. 1). The orfA sequences are essential for 
autonomous replication of pMEA300 (Chapter 6). Disruption of the ORF of orfA, located 
upstream of the replication initiator encoding rep gene, affected plasmid replication, resulting in 
an increased copy number of free pMEA300 DNA in A. methanolica. The other three proteins 
are encoded by genes that are clustered and located upstream of the conjugative transfer (tra) 
genes. The gene encoding KorA is part of a kil-kor system present on pMEA300 (Vrijbloed et 
al., 1995a). Such systems are associated with conjugative transfer and have been identified for 
all Streptomyces plasmids conferring the pock-formation phenotype (Sezonov et al., 2000). The 
Kil proteins are usually encoded by tra (conjugative transfer) genes (Kendall and Cohen, 
1987;Kendall and Cohen, 1988;Hagege et al., 1993b;Kataoka et al., 1991), and they can only be 
maintained if a suitable kor (kil-over-ride) gene is present on these plasmids. With pMEA300, 
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the TraA and TraB proteins were shown to be responsible for pock formation specifically 
(Vrijbloed et al., 1995c). KorA of pMEA300 is a GntR-type transcriptional repressor protein 
(Vrijbloed et al., 1995c), similar to other plasmid-encoded Kor proteins (Hagege et al., 1993b). 
KorA was shown to bind to the overlapping traA/korA promoters, suggesting autoregulation of 
its own expression and (negative) regulation of expression of the tra gene cluster (Vrijbloed et 
al., 1995c). A second regulatory gene, stf, stimulates transformation frequency: Disruption or 
deletion of this gene was shown to strongly reduce transformation frequency of pMEA300 
(derivatives) most likely by affecting the replication function (Vrijbloed et al., 1995b). Finally, 
a Nudix hydrolase encoding gene is present on pMEA300 (orf192). Nudix hydrolase family 
proteins hydrolyse the pyrophosphate bond of Nudix (Nucleotide diphosphate linked to some 
other moiety X) compounds (Bessman et al., 1996). The indigenous plasmid pSAM2 of 
Streptomyces ambofaciens also encodes a Nudix hydrolase protein. Integration of this gene (pif, 
pSAM2 immunity factor) in the genome conferred plasmid immunity to its host, blocking its 
function as a plasmid recipient strain (Possoz et al., 2003). Questions about the precise targets 
for these pMEA300 encoded regulatory proteins (at the DNA level, e.g. promoter or operator 
sequences; at the protein level, e.g. modifying other proteins; or cellular metabolites, e.g. 
modifying concentrations of signal molecules), their possible hierarchical interactions, and the 
environmental signal molecules involved, remain to be answered.  
  In this paper we report functional characteristics of the orf192 encoded Nudix 
hydrolase protein of pMEA300. Biochemical characterisation of the purified protein revealed 
that it hydrolyses ADP-ribose. Here we show that Orf192 functions as a regulatory protein, 
negatively controlling stf gene expression and/or inhibiting Stf protein activity, most likely 
exerted by affecting intracellular ADP-ribose levels. Previously, we reported that the ACT 
Nudix hydrolase protein of Bacillus methanolicus regulates activity of a methanol 
dehydrogenase protein (Kloosterman et al., 2002). This is the second example of a Nudix 
hydrolase regulating the function of another protein. The results obtained are important for our 
understanding of regulation of integrative actinomycete plasmids, and for development of 
improved plasmid vectors, needed for construction of better performing antibiotic-producing 
industrial actinomycete strains. 
 
Methods 
Bacterial strains, plasmids and growth conditions 
E. coli strain DH5α served as a host for genetic modification. E. coli strain BL21(DE3) was 
used for heterologous gene expression. Expression of the orf192 gene was achieved by its 
cloning downstream of the T7 promoter in the pET3b vector (pHK300). Both E. coli strains 
were grown on LB medium and when appropriate ampicillin (100 mg.l-1) was added. 
Derivatives of pMEA300 were transformed to the plasmid deficient strain WV1 of A. 
methanolica (Vrijbloed et al., 1995b).  
 
Expression and purification of Orf192 
The gene encoding Orf192 was amplified from pMEA300 plasmid DNA, using the following 
primer pairs: 5'-GCGCATATGACCCCACACAGCG-CTAGAGCG-3' and 5'-
CGCGGATCCCTACTTGCCGCCTAGCGCGAG-3'. PCR reactions were carried out using 
Vent DNA polymerase (Biolabs, New-England) as described by the supplier. The orf192 sense 
primer introduced an NdeI restriction site (CATATG, underlined) and the antisense primer a 
BamHI restriction site (GGATCC, underlined) into the PCR fragment. Restriction-digested PCR 
fragments were cloned into digested pET3B, yielding the construct pHK300; its sequence 
analysis showed that no amplification errors had been introduced. 
Overnight cultures of E. coli (pHK300) were harvested by centrifugation; cells were 
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resuspended in Buffer A (50 mM Tris-HCl pH 7.5, 5 mM MgSO4) and disrupted by two 
passages through a French Pressure cell at 140 MPa. Crude extracts were prepared by 
centrifugation for 30 min at 40 000 x g. The cell extract was incubated for 20 min at 50oC and 
denatured proteins were removed by centrifugation to 30% saturation. The supernatant was 
loaded on a Q-sepharose FF column, equilibrated with buffer B (50 mM Tris-HCl pH 7.5, 5 mM 
MgSO4, 5 mM β-mercaptoethanol) at a flow rate of 2 ml/min. Protein was eluted with a linear 
gradient of 40 ml 0 to 1 M KCl in buffer B. Orf192 peak fractions, detected with PAA gel 
electrophoresis, were pooled and (NH4)2SO4 was added to 25% saturation. Precipitated protein 
was removed by centrifugation and the supernatant was applied onto a Phenyl Superose 5/5 HR 
column (Pharmacia-Biotech) equilibrated with buffer B containing 20% saturated (NH4)2SO4 at 
a flow rate of 0.5 ml/min. Protein elution was performed by a linear gradient of 20-0% 
(NH4)2SO4 saturation in buffer B. Orf192 peak fractions were pooled, applied on a Superdex 
200 HiLoad gel filtration column (Pharmacia-Biotech), equilibrated with buffer B, operating at 
a flow rate of 2 ml/min. Orf192 containing fractions were pooled and concentrated on a Mono-
Q anion exchange column (Pharmacia-Biotech), equilibrated with buffer B and by applying a 
linear gradient of 0-1 M KCl in buffer B at a flow rate of 1 ml/min. 
 
Enzyme assays  
Nudix activity assays were performed at 37oC, using prewarmed buffer solutions. The reaction 
buffer contained 50 mM Tris-HCl pH 9.0 and 5 mM MgSO4 and purified Orf192 protein. 
Reactions were started by adding the (di-)nucleotide substrate to a total volume of 100 µl, and 
terminated after 10 min of incubation by cooling on ice. 
(Di-)nucleotide substrates and products were analyzed and quantified (peak integration) by 
HPLC, using an Adsorbosphere Nucleotide-Nucleoside column (particle size 7 u, Alltech) 
operated with a flow rate of 1 ml.min-1 at 40oC. A linear gradient of 5-50% mobile phase B was 
applied (mobile phase A: 60 mM NH4H2PO4 (pH 5.0), 5 mM tetrabutylammonium phosphate 
(TBAP); mobile phase B: Methanol, 5 mM TBAP) in 20 min. (Di-) nucleotides were detected at 
260 nm. 
 
Transformation of A. methanolica 
Media used for growth have been described previously (Madon and Hutter, 1991). A modified 
version of the method previously described (Vrijbloed et al., 1995b) was used to transform A. 
methanolica WV1 (Chapter 6).  
Protocol for PEG-mediated transformation with selection for kanamycin resistance. 
Competent cells were obtained from an 25 ml A. methanolica WV1 culture grown overnight on 
Tryptic Soy Broth (TSB) medium. Following centrifugation (5 min at 3,600 g), cells were 
washed in 25 ml T10E1 and resuspended in T10E1 to an OD430 of 160.  
Transformation of A. methanolica WV1 was performed by adding 10 µl 0.2 M MgCl2, 60 µl 
4.17 M CsCl2 and target DNA (dissolved in 20 µl T10E1) to 100 µl cell suspension. After mixing 
these additions and the cell suspension by pipetting, 200 µl 65% (w/v) PEG-1000 (Koch Light) 
was added and again gently mixed by pipetting. The transformation mixture was incubated for 
40 min at 37oC. Following incubation, 1 ml of T27M (3% (wt/vol) trypticase soy broth (BBL), 
7.3% (wt/vol) mannitol) (37oC) was added, gently mixed and centrifuged (1 min at 10,000 x g). 
After a second wash step with 1 ml T27M, cells were resuspended in 500 µl T27M and 
incubated for 5-7 h at 37oC on a shaking incubator. Finally, an appropriate amount of cell 
suspension was transferred to T27M agar plates containing the antibiotic kanamycin (20 µg 
/ml). Transformants appeared after approx. 3 days of incubation at 37oC.  
Protocol for selection based on pock formation (selection on the basis of this phenotype can 
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only be performed with plasmids carrying the tra gene cluster) 
For preparation of competent cells and preparation of the transformation mixture, the same 
procedure was used as described above. Following incubation of the transformation mixture (40 
min at 37oC), 1 ml of S27M (5 g/l Pepton (difco), 3 g/l yeast-extract, 73 g/l Mannitol) (37oC) 
was added, gently mixed and centrifuged (1 min at 10,000 x g). After a second wash with 1 ml 
S27M, cells were resuspended in 400 µl S27M. This cell suspension was then added to 3 ml 
R2L soft agar (see below; liquid at 420C) and used to overlay S27M agar plates. Transformants 
appeared after approx. 3 days of incubation at 37oC.  
R2L-soft agar: 73.2 g/l mannitol, 0.25 g/l K2SO4, 10.0 g/l MgCl2.6H2O, 10.0 g/l glucose, 0.1 
g/l Casamino acids, 5.0 g/l Yeast-extract, 7.0 g/l LMP agarose, 5.73 g/l TES pH 7.2, 6 mg/l 
KH2PO, 0.46 g/l CaCl2.2H2O, 1% (vol/vol) Vishniac spore element solution, 0.2 g/l asparagine 
and 5 mM NaOH.  
 
Results 
The orf192 and stf gene products positively control pMEA300 replication 
The A. methanolica-E. coli shuttle vector pWV129 lacks attP and the int gene, and is only able 
to replicate autonomously (Table 1; Fig. 2). Derivatives of pWV129 with deletions or 
disruptions in the orf192 and stf genes were constructed to study possible regulatory effects of 
these genes on the pMEA300 replication function. Compared to plasmid pWV129, pWV375 
with a disrupted stf ORF (Fig. 2) showed a 100-fold reduced frequency of PEG-mediated 
transformation (from 104 to 102 transformants/µg plasmid DNA). Disruption or deletion of 
orf192 (pWV374/pNAT102, respectively, Fig. 2) resulted in the same phenotype, as did 
simultaneous deletion of both the orf192/stf genes (pWV113, Fig. 2). The pMEA300-encoded 
stf and orf192 gene products (separately or in combination) apparently positively affect plasmid 
replication, most likely by influencing rep/orfA gene expression and/or Rep/OrfA protein 
functioning (directly or indirectly).  
 
 

 

Figure 2. Plasmid pWV129 and 
derived constructs. Fragments 
deleted in constructs pHK315, 
pWV113 and pNAT102 are 
indicated by lines. Arrows point 
to restriction sites used to 
create ORF dis-ruptions in 
constructs pWV374 and 
pWV375. Details of plasmid 
construction are described in 
Table 1. 
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Table 1. Plasmids used in this study. 
 

 
Plasmid 

 
Description 

 
E. coli vectors/ plasmids  
 
pBlueScript II KS E. coli cloning vector (Stratagene) 
pHSS6 E. coli cloning vector conferring kanamycin resistance (Seifert et al., 

1986) 
pET3b E. coli expression vector with T7-promoter (Novagen) 
pET15b E. coli expression vector with T7-promoter, introducing an N-terminal 

histag (Novagen) 
pHK300 PCR product of orf192 cloned in the NdeI-BamHI sites of pET3b 
 
 

 

pMEA300-derived autonomously replicating plasmids 
 
pWV129 E. coli-A. methanolica shuttle vector (Vrijbloed et al., 1995a;Vrijbloed 

et al., 1995a), containing the 11.9 kb BamHI-ApaI fragment, cloned into 
the BamHI-EcoRI sites of the E. coli cloning vector pHSS6 (Fig.1 and 
2) 

pHK315 ClaI-ScaI deletion construct of pWV129 (Fig.2) 
pNAT102 BstXI-EcoRI deletion construct of pWV129 (Fig.2) 
pWV374 Disruption of BstXI-site in pWV129 by removal of 3' protruding ends 

by T4-DNA-polymerase 
pWV375 Disruption of HindIII-site in pWV129 by digestion and subsequent 

Klenow DNA polymerase fill-in reaction (Fig. 2)  
pWV113 EcoRI-PvuII deletion construct of pWV129 (Fig.2) 
pWV136 pWV129 derivative, with a SalI-Asp718 deletion of the region involved 

in conjugative transfer (Fig. 2) 
pWV136-∆korA HincII-ScaI deletion construct of pWV136 (Fig. 2)  
 
 
pMEA300 –derived integrative plasmids 
  
pID109 BclI fragment (1.1 kb, containing the thiostrepton resistance gene-tsr) of 

pIJ702 (Kieser et al., 2000) cloned in BamHI of pBlueScript II KS, 
followed by cloning of the Asp718 (blunt) - XhoI (blunt) fragment of 
pMEA300 in the EcoRV site of this construct (Fig. 4) 

pID109-∆H Deletion of the 1526 bp HindIII fragment of pID109 (Fig. 4) 
pID109-∆HB Deletion of the 2885 bp HindIII-Bsu36I fragment of pID109 (Fig. 4) 
pID109-∆stf Cloning of the 190 bp SphI-BamHI (blunt) fragment of pHK300 in the 

SphI- HindIII (blunt) sites of pID109 (Fig. 4) 
pIntAttPR PCR product of int starting at the putative start codon, which overlaps 

with the xis stop codon (as previously annotated (Vrijbloed et al., 
1994)) and ending 10 bp downstream of the attP site, cloned in XbaI-
SmaI sites of E. coli cloning vector pHSS6, with int in the reverse 
orientation as KanR.  
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The orf192 gene product controls the pMEA300-encoded kil function via the stf gene 
function           
Plasmid pWV129 carries the normal set of tra genes for conjugational plasmid transfer. 
Colonies of A. methanolica strain WV1 cells transformed with plasmid pWV129 form pocks 
with an average diameter of 2.5 mm (growth inhibition zone 72 h after transformation). 
Derivatives of pWV129 with a disrupted/deleted orf192 function (pWV374/pNAT102) caused 
an anomalous pock formation phenotype, referred to as super pocks. Diameters of super pocks 
were up to 5 mm (on average 4 mm) in size, with a strongly inhibited growth and development 
of the transformant colony, and a much wider and clearer surrounding growth inhibition zone 
(Fig. 3). This effect of orf192 deletion suggests that the Orf192 Nudix hydrolase protein 
controls the pMEA300 kil function. Orf192 thus may affect the KorA controlled repression of 
the traA and traB genes (specifically responsible for the pock formation phenotype; Vrijbloed et 
al. 1995c). Alternatively, Orf192 may exert its controlling effect indirectly, e.g. via the stf gene 
function. Strain WV1 transformants with pWV375 (disruption of stf) yielded normal pocks, as 
did transformants with both stf and orf192 deleted (pWV113). Compared to pWV129, the 
frequencies of pock formation were low with all three constructs. This is in accordance with the 
low transformation frequencies observed with these constructs when selecting for kanamycin 
resistance in PEG-mediated transformation of strain WV1 (see above). The observation that 
transformation of strain WV1 with pWV113 did not result in super pock formation confirms 
that the Orf192 protein exerts its effect via stf, either by negatively controlling stf gene 
expression or by inhibiting Stf protein activity. We postulate that the Stf function counteracts 
KorA repression of traA (and traB) gene expression. 

 
 
 
Figure 3. Stereo microscopic image of pock formation following transformation of A. methanolica strain WV1 
with plasmids pWV129, pNAT102/pWV374, 72 hours after transformation. The average super pock diameter 
was 4 mm, while the normal (wild type) pocks diameter on average was 2.5 mm.  
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The stf gene product blocks site-specific integration of pMEA300 (derivatives) 
The regulatory effects of orf192, stf and korA on the pMEA300 integration/excision functions 
were studied using the pMEA300 derivative pID109 (Fig. 4). Plasmid pID109 can not replicate 
autonomously (lacking orfA and part of the rep gene) and was shown to stably integrate via attP 
into the A. methanolica chromosomal attachment site (attB) specifically (Vrijbloed et al., 
1995a). Transformation of strain WV1 with pID109 yielded 60 transformants/µg plasmid DNA 
on average. Deletion construct pID109-∆H, with the korA gene and the start of the stf gene 
deleted (Fig. 4), did not yield any strain WV1 transformants. To our surprise we observed 
relatively high transformation frequencies of strain WV1 with construct pID109-∆HB, with a 
completely deleted stf gene and partly deleted orf192 gene (Fig. 4; frequencies up to 2*103 
transformants/µg plasmid DNA). The stf Orf features several putative start codons and RBS 
sequences, and the size of the pMEA300 stf gene product has not been determined properly yet. 
Thus, the question arose whether the stf gene function in fact had been properly knocked out in 
the pID109-∆H construct. Complete deletion of the stf gene, leaving an intact orf192 gene, 
subsequently was achieved in the pID109-∆Hstf construct (Fig. 4). As pID109-∆HB, this 
construct could be transformed to WV1 at relatively high transformation frequencies (2*103 
transformants/µg plasmid DNA). The combined data thus indicate that the stf gene (but not the 
orf192) product blocks site-specific integration of pMEA300 (derivatives). The data also show 
that the stf gene product is functional in pID109-∆H, resulting in failure to get transformants 
(see Discussion). In view of the different results obtained in transformations of strain WV1 with 
pID109 and pID109-∆H, we also conclude that KorA negatively controls stf gene expression. 
Conceivably, deletion of the korA gene results in a relatively strong stf gene expression and a 
high Stf activity, with Stf-mediated repression of int gene expression resulting in complete loss 
of the int gene function on pID109-∆H. 
 
 

 
 

Figure 4. Plasmid pID109 and 
derived deletion constructs. 
Deleted frag-ments are 
indicated by lines. 
Construction details of those 
plasmids are presented in 
Table 1.
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We previously suggested that the replication genes (orfA, rep), excisionase (xis) and 
integrase (int) gene form one operon structure, because in all cases the putative start codon 
overlaps with the stop codon of the upstream gene (Vrijbloed et al., 1994). In this situation, 
transcription of int in construct pID109 and derivatives would be stimulated by the thiostrepton 
promoter, because the common orfA/rep promoter is absent in these constructs (Fig. 4). The 
present study, however, shows that Stf has opposing regulatory effects on plasmid excision and 
replication on the one hand and site-specific plasmid integration on the other hand. An operon 
structure of all four genes therefore is unlikely. To investigate whether a separate promoter is 
present immediately upstream of int, which as a consequence would shorten the ORF of int, we 
amplified the complete ORF of int as it was previously annotated (Vrijbloed et al., 1994) and its 
downstream region, including the attP site with PCR. This PCR fragment was subsequently 
cloned into the E. coli cloning vector pHSS6, in the reverse orientation of the kanamycin 
resistance gene to exclude the possibility of a polar effect of the promoter of this gene, yielding 
construct pIntAttPR (Table 1). Surprisingly, transformation of pIntAttPR to strain WV1 gave 
relatively high transformation frequencies, matching those of pID109-∆HB and pID109-∆HStf 
(2.8*103 transformants/µg plasmid DNA). This indeed shows that int is not part of the orfA, rep, 
xis operon, but is transcribed from its own promoter. Two alternative int start codons exist either 
160 or 254 bp downstream of xis.  
 
The orf192 gene product confers pMEA300 immunity to A. methanolica 
Strains WVI-pID109-∆HB (lacking orf192) and WVI-pID109-∆Hstf (with a functional orf192) 
were transformed with pWV129 and pHK315 (a deletion derivative of pWV129, lacking all 
genes involved in conjugative transfer; Table 1; Fig. 2). Both plasmids transformed readily to 
the WVI-pID109-∆HB recipient strain, with similar (PEG-mediated) transformation frequencies 
as to WVI. The presence of orf192 in the genome of recipient strain WVI-pID109-∆Hstf, 
however, resulted in a strongly decreased frequency of transformation (Table 2). The orf192 
thus encodes a plasmid immunity factor function (pif) for pMEA300 in A. methanolica, similar 
to orf131 in pSAM2 of S. ambofaciens (Possoz et al., 2003). We conclude that the Orf192 
immunity factor blocks autonomous plasmid replication. This provides further evidence that 
Orf192 prevents the stimulatory effect of the Stf function on orfA/rep gene expression and/or 
OrfA/Rep protein functioning (see above).  
 
Table 2. Transformation frequencies of pMEA300-derivatives in WV1- pID109-∆HB and WV1-pID109-∆Hstf. 
 

Transformation frequency (transformants/µg plasmid DNA)  
Plasmid WV1- pID109-∆HB WV1-pID109-∆Hstf 
pWV129 6.103 11 
pHK315 6.103 24 
pWV113 28 26 
pNAT102 14 30 
pVW374 15 40 
pWV375 25 23 

 
The orf192 gene function is complemented in trans (pock formation phenotype) 
Transformation of the pWV374/pNAT102 plasmids to WV1-pID109-∆Hstf as recipient strain, 
selecting for pock formation, revealed normal size pocks. Transformation of 
pWV374/pNAT102 to WV1-pID109-∆HB resulted in super pock formation (as observed with 
strain WV1; see above). The genomic copy of orf192 in WV1-pID109-∆Hstf thus is 
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functionally expressed and complements for the disrupted/deleted plasmid copy of the orf192 
gene. Conceivably, expression of the genomic copy of orf192 during cellular growth of WV1-
pID109-∆Hstf results in degradation of an important metabolite that stimulates Stf activity. 
Upon degradation of this metabolite (in recipient strain WV1-pID109-∆Hstf) the Stf protein 
fails to stimulate expression of the tra-associated kil function (in line with observations made 
above), resulting in normal pocks. In the absence of a functional copy of orf192 (in recipient 
strain WV1-pID109-∆HB) the activated Stf protein stimulates the tra-associated kil function, 
resulting in super pock formation. 
 
Trans complementation of the orf192 gene function fails (transformation frequency) 
Transformation of the WVI-pID109-∆Hstf and -∆HB recipient strains with pWV129-derivatives 
(pWV375, pWV374/ pNAT102 and pWV113, with either stf, orf192 or both genes 
deleted/disrupted) in all cases resulted in low transformation frequencies, both when selecting 
for kanamycin resistance (Table 2) and when selecting for pock formation. We conclude that the 
presence of a genomic copy of orf192 in recipient strain WVI-pID109-∆Hstf fails to 
complement for the deleted/disrupted copy of the orf192 gene on pNAT102/pWV374. The 
resulting low transformation frequency is probably due to a low expression of the rep gene. As 
argued above, expression of the resident Orf192 activity in the WVI-pID109-∆Hstf recipient 
strain may result in degradation of an important metabolite that stimulates Stf activity. As a 
consequence, rep/orfA expression remains low, resulting in a low transformation frequency. 
 
Expression of the pMEA300 Nudix hydrolase  
The gene product of orf192 carries the Nudix hydrolase motif. To identify the Nudix substrate 
hydrolyzed by Orf192 (possible stimulatory signal molecule for Stf protein), orf192 expression 
was attempted in E. coli. The pMEA300 Nudix hydrolase encoding gene contains two possible 
start codons: one ATG start codon yielding an ORF putatively encoding a protein of 179 amino 
acids (Orf179), and a GTG start codon, which yields an ORF encoding a 192 amino acid protein 
(Orf192). Because the start codon of orf192 is preceded by an GGAGG Shine-Dalgarno 
sequence similar to those found upstream of the tra genes of pMEA300 (Vrijbloed et al., 
1995c), the sequence of orf192 was chosen to be cloned into pET3b expression vector yielding 
plasmid pHK300. Transformants of BL21(DE3) with pHK300 showed high expression levels of 
Orf192. Expression of Orf192 could be further stimulated when the E. coli host strain was 
grown at 30oC, reaching expression levels up to 40% of the total soluble protein fraction, as 
judged on SDS-PAGE gels stained by Coomassie Brilliant Blue. Induction of orf192 expression 
by IPTG, however, severely decreased the amount of soluble Orf192 protein, while insoluble 
Orf192 protein could be found in the pellet fractions of centrifuged cell extracts.  
 
Purification of Orf192 and characterization of substrate specificity 
The primary structure of ORF192 showed significant sequence similarity (27% identical and 
50% similar) with the ACT protein of B. methanolicus. This well characterized Nudix hydrolase 
was shown to hydrolyze both NAD and ADP-ribose (ADPR) and is rather thermostable 
(Kloosterman et al., 2002). Preliminary experiments with Orf192-containing E. coli cell extracts 
showed that Orf192 can also hydrolyze these Nudix substrates and that incubation of extracts 
for 30 min at 50oC did not significantly affect Nudix hydrolase activity, while many E. coli 
proteins did denature under these conditions. Heat treatment was therefore used as a first step in 
protein purification, followed by Q-sepharose anion exchange chromatography and hydrophobic 
interaction chromatography, using a phenyl superose 5/5 HR column. Fractions containing 
Orf192 were subsequently applied on a superdex 200 HiLoad gel filtration column. Orf192 
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eluted at 102 ml on the gel filtration column, similar to a reference protein of 44 kDa eluting at 
98 ml (Fig. 5). The calculated Mr of a monomeric Orf192 protein is 21.6 kDa, which indicates 
that Orf192 is a dimeric protein. 

Several (di-)nucleotides (NAD, NADH, NADP, NADPH, ADPR, Ap4A Ap5A, FAD, 
dNTPs, ATP, ADP and GTP) were incubated with purified Orf192 protein to analyze its 
substrate specificity. A clear, Mg++- dependent Nudix hydrolase activity was observed with 
ADPR (Table 3). Apart from ADPR, Orf192 could hydrolyze NAD and FAD albeit with a very 
low kcat. No activity could be determined with the other Nudix substrates analyzed.  

 

 
 
Table 3. Kinetic parameters of Orf192. 
 

Substrate kcat  
(s-1) 

Km  
(mM) 

kcat/Km  
(s-1. M-1) 

ADPR 30.3 9.8 3.1 *103 
NAD 0.18 2.4 75 
FAD 0.03 n.d. n.d. 

 
 
Discussion 
The data presented in this paper show that korA, orf192 and stf have important regulatory roles 
on pMEA300. Previously, we have shown that korA encodes a transcriptional repressor of the 
tra genes (Vrijbloed et al., 1995c). Here we provide experimental evidence that KorA also 
negatively controls stf gene expression. Stf stimulates expression of the tra genes and orfA/rep 
genes, and represses int gene expression. Orf192 counteracts the Stf function, most likely by 
degrading a signal metabolite, the intracellular level of which controls the activated state of Stf 
(Fig. 6). 

The molecular mechanisms involved in regulation of pMEA300-encoded functions are 
summarized in Fig. 6. The formation of super pocks, observed when transforming strain WV1 
with pWV129 derivatives lacking a functional orf192, depends on the presence of a functional 
Stf protein. In the absence of a functional orf192 product, Stf is activated by the ADP-ribose 

Figure 5. Superdex-200 gel 
filtration with purified Orf192, 
eluting at 102 ml (∆). The gel 
filtration standard proteins (o), 
670, 158, 44 and 17 kDa in size, 
peaked at 65, 84, 98 and 113 ml, 
respectively.
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signal molecule and stimulates overexpression of tra genes responsible for conjugative transfer, 
known to be involved in the pock formation phenotype (Vrijbloed et al., 1995c). 
Overexpression of the tra gene cluster encoded kil-function causes formation of super pocks, 
resulting in a strong inhibition of surrounding confluently growing recipient cells, and in a 
strongly retarded transformant colony development. These results indicate that Stf neutralizes or 
overrules the korA transcriptional repressor of the tra genes (Vrijbloed et al., 1995c).  

 

 
 
Figure 6. Model of the regulation of pMEA300 encoded functions. Open boxes indicate promoter regions. 
Arrows pointing towards promoter regions indicate transcriptional activation (normal) or repression (dashed). 
Arrows pointing towards gene names indicate stimulatory (normal) or inhibitory (dashed) effect on its derived 
protein activity.  

 
 
The orf192 and stf genes thus encode proteins with opposing regulatory roles. Deletion 

of either of the genes or both genes simultaneously, strongly reduced the transformation 
frequencies of those pWV129 derivative plasmids. Although the effect of either gene deletion 
with respect to transformation frequency may be the same, the molecular mechanisms involved 
are different. Previously it has been shown that disruption of the ORF of orfA, located upstream 
of the replication initiator encoding rep gene, resulted in an increased copy number of free 
pMEA300 DNA in A. methanolica (Chapter 6). OrfA thus negatively affects autonomous 
plasmid replication, most likely by affecting the Rep function (Fig. 6). Strains carrying 
pWV129-derivatives with an orf192 deletion thus may be characterized by a strong Stf-
mediated transcriptional activation of the orfA/rep genes. The resulting high OrfA 
concentrations will reduce autonomous plasmid replication, again by affecting the Rep function. 
On the other hand, derivatives of pWV129 featuring an stf deletion will replicate poorly because 
of insufficient Stf-mediated activation of the orfA/rep promoter. The in vivo role of this 
Stf/OrfA regulatory system for pMEA300 replication may be in strictly controlling plasmid 
copy number, even reducing the number of free plasmid copies down to zero, with only a 
chromosomally integrated copy present in cells harvested under most growth conditions 
(Vrijbloed, 1996). Previously we have shown that growth of A. methanolica in media containing 
autoclaved sucrose stimulates the copy number of autonomously replicating pMEA300. The 
copy number of pWV129 in strain WV1 is -for unknown reasons- already high in the absence of 
autoclaved sucrose (6.103 transformants/µg plasmid DNA). Strain WV1-pWV129 could not be 
cultivated in media containing autoclaved sucrose, possibly due to a further stimulation of its 
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copy number and consequently accumulation of Kil protein (Vrijbloed, 1996) 
The Nudix hydrolase motif containing Orf192 protein was shown to hydrolyze ADP-

ribose, a well-known signaling molecule (Ziegler, 2000). We speculate that intracellular ADP-
ribose serves to activate Stf. Our data are consistent with activated Stf being a transcriptional 
activator of the conjugation (tra cluster) and replication (orfA/rep) functions. Orf192 thus may 
counteract Stf activation by hydrolyzing its activator, ADP-ribose.  

The presence of an integrated copy of orf192 in the A. methanolica-pID109-∆Hstf 
recipient strain yielded pMEA300(-derivative) plasmid immunity, similar to the pif gene of 
pSAM2 (Possoz et al., 2003). This phenotype is based on the presence of the Nudix hydrolase 
gene orf192 (and not because of the occupation of the attB site of the recipient strain): use of 
WVI-pID109-∆HB as recipient strain, with half of the orf192 gene deleted, does not show the 
plasmid immunity phenotype. Plasmid immunity resulted in an approximately 3 orders of 
magnitude reduction of transformation frequencies of strain WVI-pID109-∆Hstf with pHK315 
and pWV129. Since the plasmid immunity phenotype is observed in pHK315 -lacking all tra 
genes- plasmid immunity thus functions at the level of plasmid replication and not at the level of 
conjugation. No further reduction of the transformation frequency was observed with deletion 
constructs of pMEA300 with already low transformation frequencies (pWV113, pWV374, 
pWV375 and pNAT102) when orf192 is present in the recipient strain (WVI-pID109-∆Hstf), 
compared to WVI-pID109-∆HB (Table 2). Apparently, the plasmid immunity phenotype 
functions through the same pMEA300 encoded mechanism that increases transformation 
frequency via stimulation of autonomous plasmid replication. When this mechanism is not 
functional, e.g. by deletion of stf, Orf192 can no longer regulate this mechanism.  

Transformation of constructs lacking a functional orf192 gene (pWV374 or pNAT102) 
to a recipient strain containing a functional copy of this orf192 gene (WV1- pID109-∆Hstf) did 
not result in the super pock phenotype. Orf192 expressed in the recipient strain thus can 
complement pWV374 and pNAT102 with respect to super pock formation in WV1-pID109-
∆Hstf in trans, but not with respect to transformation frequency. This may indicate that upon 
transformation of pMEA300 (-derivatives) to a recipient strain, Stf is expressed first, followed 
by expression of Orf192. In recipient strain WV1, Orf192 is absent, while in recipient strain 
WV1- pID109-∆Hstf, Orf192 has already been expressed, resulting in ADP-ribose hydrolysis. 
Due to these low ADP-ribose levels, Stf is not activated, yielding low transformation 
frequencies and failure to activate expression of the tra gene cluster, thus preventing super pock 
formation. Transformation of constructs with a deleted orf192 gene (pNAT102/pWV374) to 
strain WV1 results in uncontrolled expression of Stf, resulting in stimulation of tra gene cluster 
and thus kil gene expression, and as a consequence in super pock formation. Transformation of 
pMEA300 (-derivatives) with functional stf and orf192 genes yields high transformation 
frequencies as a result of Stf activation. But due to proper feedback control of Stf by Orf192 
(ADP-ribose hydrolysis), the tra gene cluster, including the kil genes, will remain repressed, 
resulting in normal pock formation. 

Apart from activating tra-encoded functions, Stf also blocks site-specific integration of 
pMEA300 (-derivatives). The ORF of stf must be shorter than 1119 bp (putatively encoding a 
protein of 373 aa, Stf-373): plasmid pID109-∆H (with a deleted stf promoter and 5’ fragment of 
stf), could not be transformed to WV1, while construct pID109-∆Hstf, (with all stf sequences 
deleted), could be transformed with relatively high frequencies to WV1. These results also 
suggest that KorA, deleted in pID109-∆H, is a transcriptional repressor of stf, since pID109 can 
be transformed to WV1, while pID109-∆H can not. In construct pID109-∆H, Stf is synthesized 
to a concentration that blocks site-specific integration altogether (or at least reduces it below the 
detection level). Stf thus functions as a transcriptional activator of the tra genes and the genes 
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involved in replication (orfA and rep), and as a transcriptional repressor of int, which was 
shown to be expressed from its own promoter. A shorter ORF of stf would also imply that the 
coding sequence of stf has not been disrupted in construct pWV375. The decreased 
transformation frequency of pWV375 indicates that this HindIII disruption (Fig. 2) negatively 
affected Stf expression, either resulting from decreased promoter activity (HindIII may 
constitute part of the stf promoter) or an increase in KorA binding (HindIII may constitute part 
of the KorA binding site). The effect of KorA on expression of Stf remains to be studied.  

The results obtained enabled us to create a model of the regulation of pMEA300-
encoded functions (Fig. 6). Stf functions as a transcriptional activator for the transfer genes, the 
main replication initiator gene (rep) and the excisionase (xis) gene, which is part of the orfA/rep 
operon and thus is co-transcribed. Enhanced expression of stf -due to decreased KorA activity- 
or increased Stf activity -due to decreased Orf192 activity or increased concentrations of ADP 
ribose- thus lead to excision of the chromosomally integrated copy of pMEA300, autonomous 
replication and stimulation of conjugative transfer. Plasmid integration activity is arrested -due 
to transcriptional repression of int- to prevent that the excised copy of pMEA300 reintegrates. 
Either Orf192 or KorA may function as main inhibitor of the conjugative transfer process, but 
this remains to be studied in more detail. Intracellular concentrations of ADP-ribose may 
determine whether pMEA300 is present only as a single integrated copy or (via Stf mediated 
activation of the orfA-rep-xis operon) also occurs in the excised state and autonomously 
replicating. Orf192 and KorA modulate these states by hydrolysis of ADP-ribose, or by 
transcriptional repression of the stf and tra genes, respectively. We currently study the 
mechanism of ADP-ribose activation of Stf and the effect of Orf192 on intracellular ADP-ribose 
metabolite concentrations.  
 
 
 
 
 
 
 
 
 
 
 
 
 




